Introduction
Amino acids are biologically relevant molecules whose coordination chemistry toward transition-metal ions has been largely investigated owing to their easy availability, versatile bonding modes and potential applications in a variety of chemical fields. 1 Complexation of α-amino acids to metallic systems gives rise to a variety of coordination modes. Thus, although for no functionalized α-amino acids monodentate and bidentate chelate coordination are known, the latter being the prevalent one, for functionalized α-amino acids tridentate chelate coordination modes have also been described. Sulphur-containing amino acids have drawn a great deal of attention due to their crucial and significant functions in biological systems. 7 In particular, it has been shown that silver complexes containing cysteine or glutathione play a key role in bacterial inactivation. 8 In the same line, the active sites of metalloproteins like acetyl coenzyme A synthase 9 or [NiFe] hydrogenase 10 From a coordination point of view, cysteine behaves as a multifunctional organic ligand able to bind to a variety of metal ions through amine, carboxylate and thiolate groups to form chiral mononuclear and multinuclear complexes. 5b In some cases, mixtures of products differing in coordination modes and nuclearity are obtained and the factors that govern their distribution and interconversion remain unclear. 4b On the other hand, it is well known that the incorporation of quaternary amino acids in peptide sequences provides very useful information on their bioactive conformation and results in beneficial physiological effects. 12 With all these concerns in mind, in the present paper we report on the controlled preparation of new half sandwich rhodium (III) complexes containing modified
cysteines such as S-benzyl-L-cysteine (HL1), the quaternary S-benzyl-α-methyl-Lcysteine (HL2) and the N-protected S-benzyl-N-Boc-L-cysteine (HL3) (Chart 1).
Special attention will be paid to the coordination features of the employed amino acids.
The chirality of the compounds is assessed and the epimerization processes that take place are studied experimentally and theoretically.
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Chart 1. Modified cysteines
Results and discussion
Cysteine-derived ligands
Modified cysteines HL1 and HL3 (Chart 1) are commercially available. Cysteine HL2
was prepared starting from L-cysteine hydrochloride methyl ester according to the sequence of reactions depicted in Scheme 1. Reaction of the L-cysteine hydrochloride methyl ester with pivalaldehyde affords tiazolidine I. N-formylation of I with sodium formate renders diastereoselectively the cis methyl ester II in 83 % isolated yield.
Subsequent reaction with lithium diisopropyl amide (LDA), using N,N'-dimethylpropylurea (DMPU) as co-solvent, forms the corresponding enolate which trapped with methyl iodide gives rise, again diastereoselectively, to the trans tert-butyl to methyl isomer of the 4-methyl thiazolidine III. Hydrolysis of III generates α-methyl-L-cysteine hydrochloride IV. 13 S-benzylation of IV, that renders HL2, was carried out by reacting IV with benzylbromide in basic medium, following a modification of the procedure described for the S-benzylation of L-cysteine by Wang et al. 14 During the formation of all these complexes, the metal becomes a stereogenic centre and, therefore, stereoisomers with different configuration at the metal centre could be obtained. Additionally, when the sulphur coordinates to the metal centre (compounds 1, 2, 5-8) the inversion barrier at this atom could become high enough to render independently observable epimers at sulphur. In compound 8Sb, the nitrogen is also a stereogenic centre. In the preparative reactions, enantiopure R at carbon cysteine-derived ligands were employed and as the compounds were prepared under soft conditions, it can be assumed that no racemization at carbon occurs. Regarding the number of possible stereoisomers, it is interesting to point out that in R cysteines the lone electronic pairs of the sulphur can only attack the Si-face of the metal ion (Scheme 4) and, therefore, only R at the metal centre isomers 18 cysteine-derived complexes 6-8, both the rhodium and the carbon exclusively present R configuration. Therefore, only stereoisomers differing on the configuration at sulphur (also at nitrogen for compound 8Sb) can be expected. 
Characterization of the compounds
Besides the determination of the molecular structures above discussed, the new complexes were characterized by analytical and spectroscopic means (see Experimental Section ppm, in CD 2 Cl 2 for complex 1) and bidentate coordination takes place through the most nucleophilic nitrogen and sulphur atoms of the cysteine rendering a Rh-N-C-C-S fivemembered metallacycle (Scheme 2).
In the solid state, the two epimers at the metal centre were isolated in 85/15 molar ratio in both cases. 20 While, in the major isomer, the pro-S proton of the NH 2 group shows a NOE relationship with the C 5 Me 5 protons, in the minor isomer a NOE relationship occurs between the pro-R proton and the protons of the cyclic ligand. These data indicate that the metal centre has S configuration in the major isomer and R in the minor one.
Only one set of signals for each epimer was observed in the 1 H NMR spectra from 298 to 193 K. As the coordinated sulphur is a stereogenic centre, either it adopts only one configuration or both epimers at sulphur quickly exchange even at 193 K. As stated above, the configuration at rhodium as well as that at the amino acid carbon is R. For compounds 6Sb and 7Sb, although at room temperature, the NMR spectra consist of only one set of signals, below 253 K a new set of signals was observed in a relative intensity lower than 2 %. We tentatively assign these isomers to the two epimers at the sulphur and, according to the solid state molecular structures, the major component would correspond to the S at sulphur diastereomer. However, for compound 8Sb, only one set of signals was observed in the 1 H NMR spectra from 298 to 193 K. We assume that compound 8Sb is diastereopure. 21 The chemical shift of the asymmetric carbon C * is also strongly affected by the coordination of the nitrogen.
Thus, for example, this carbon resonates at 53.06 ppm in free HL3 but it appears at 62.76 ppm in 8Sb. This strong deshielding contrasts with the shielding of about 6.3 ppm found for the methylene carbon C * CH 2 S, adjacent to the sulphur which is also coordinated to the metal centre in 8Sb. So, δ values of the asymmetric carbon and that of the methylene C * CH 2 S are useful criteria for diagnostic the coordination of the nitrogen and sulphur atoms of the cysteine ligand, respectively.
When the cysteine-derived ligand displays a κ 3 coordination mode (complexes 6-8),
the C 5 Me 5 protons give a singlet at around 1.90 ppm, independently from which cysteine-derived ligand was involved.
At room temperature, the most significant absorption in the circular dichroism spectra of these compounds is a negative maximum in the 370-377 nm range. As free α-amino acids do not show Cotton effects above 230 nm, 22 these absorptions were tentatively assigned to transitions associated to the R configuration at the metal centre. molar ratio. 20 The molecular structure, determined by X-ray diffraction methods (see above), establishes that the configuration at the rhodium in the major epimer is S.
According to this structural determination, the chemical shift of the nitrogen (89.85 ppm, major isomer) and asymmetric carbon C * (50.65, 50.59 ppm, major and minor isomers, respectively) indicate that the nitrogen is not coordinated to the metal centre.
The chemical shift of the C 5 Me 5 protons, around 1.60 ppm, corresponds to a chelate bidentate coordination for the cysteine.
At low temperature (below 233 K) traces of a third isomer were detected that were tentatively assigned to the epimer at sulphur of the S at Rh isomer. negative maximum centred at 342 nm in the circular dichroism spectrum is attributed to the R at the metal centre configuration (see above). All these data were corroborated by the determination of its crystal structure by X-ray diffractometry.
A molecular representation of the complex is depicted in Figure 2 and selected geometrical parameters are summarized in Table 2 The experimentally observed NMR features strongly indicate that an epimerization process, at nitrogen or at sulphur, is taking place. Epimerization at one of the two stereocentres is frozen at low temperature but the other quickly epimerizes even at 183
K. Trying to discriminate the behaviour of these two stereocentres, theoretical calculations were performed by DFT methods.
The geometry of complex 9 was optimized on the basis of the determined solid structure (see above). According to the almost planar environment around the nitrogen, DFT calculations showed a very low transition state for the epimerization process at this atom. Therefore, the kinetic data measured for the fluxional rearrangement observed must correspond to the epimerization process at sulphur. Moreover, the negative value, experimentally found, for the activation entropy strongly suggested an associative process. Taking into account the experimental NMR conditions, the most plausible pathway would involve the coordination of a methanol molecule. Besides, the whole process must comprise the rotation of the benzyl group around the C(13)-S bound, facilitated by decoordination of the sulphur atom. So, the modelled process consists of:
decoordination of sulphur, methanol coordination at the subsequently generated vacant, rotation of the benzyl group, methanol decoordination and, finally, sulphur recoordination with opposite configuration. 
Conclusions
The at nitrogen or at sulphur.
Scheme 8. Coordination modes of the cysteine-derived ligands
Experimental Section
General information
All preparations have been carried out under argon. All solvents were treated in a PS-400-6 Innovative Technologies Solvent Purification System (SPS) and degassed prior to use. Infrared spectra were recorded on Perkin-Elmer Spectrum-100 (ATR mode) FT-IR spectrometer. Carbon, hydrogen, nitrogen and sulphur analyses were performed using a Perkin-Elmer 240 B microanalyzer. 
Crystal Structure Determination of Complexes 6Sb, 7Sb, and 9
X-Ray diffraction data were collected at 100(2)K with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) using narrow ω rotations (0.3 º) on a Bruker APEX DUO diffractometer. Intensities were integrated and corrected for absorption effects with SAINT-PLUS 25 and SADABS 26 programs for complexes 6Sb and 9, and with CELL_NOW 27 and TWINABS 28 programs for twinned crystal of complex 7Sb.
The structures were solved by direct methods with SHEXLS-2013 29 and refined by full-matrix least-squares refinement on F 2 with SHELXL-2014. 30 The absolute configuration was determined on the basis of the previously known internal references, and this assignment was confirmed using the Flack parameter. 31 Experimental and crystal data are summarized in Table 3 . Specific refinement details are shown below. Crystal data for 7Sb: The crystal selected for data collection did not show relevant intensity over θ=24.7°. Moreover, an analysis of the preliminary data pointed out the existence of a twin, with two detected components, with main contribution associated to one domain (twin ratio 0.879/0.121). In order to properly separate the contributions of both domains and to minimize the noise, data integration has been performed considering both components, to a maximal resolution of θ=21°. This restriction
prevents an adequate refinement of the anisotropic displacement parameters for the lighter atoms, unless a large number of bonding restrains were included. Eventually, we decided to consider only Rh, Sb, S and non-disordered F atoms to have anisotropic atomic displacement parameters.
Fluorine atoms of a SbF 6 counterion have been found to be disordered. When convergence is achieved, five residual density peaks are found in intermolecular regions. Attempts to interpret them as water solvent molecules do not improve the model, as they are too close to methylic hydrogen atoms of η 5 -C 5 Me 5 fragments.
Crystal data for 9: The (η 5 -C 5 Me 5 ) group and a methyl fragment have been found to be disordered. Hydrogen H12 has been included in the model in observed position and freely refined.
Computational details
The DFT calculations were carried out with the Gaussian 09 software package, 32 optimizing the structures using the b3-lyp hybrid functional and the basis set LanL2DZ
for rhodium atoms and 6-31G(d,p) for the remaining ones. 33 All minima (no imaginary frequencies) and transition states (one imaginary frequency) were characterized by calculating the Hessian matrix. The transition state search was performed with a relaxed PES scan of the key geometrical parameter and then the highest energy structure was optimized as a transition state by the default Gaussian 09 algorithms. The chemical correctness of the transition states found were confirmed by visual inspection of the normal mode having a negative vibrational frequency, followed by moving the TS geometries along the reaction path using the GaussView program utilities and reoptimizing to verify the nature of the products.
The energetics of the epimerization mechanism is discussed based on the relative Gibbs free energy with respect to the infinitely separated reactants. All reported free energies involve ZPE and gas-phase thermal corrections (entropy and enthalpy, 298.15 K, 1 atm) and the conductor-like polarizable continuum model approach (CPCM)
implemented in the Gaussian 09 software was used in the final single point calculations on the above gas-phase optimized geometries to incorporate the solvent effect of methanol in the thermodynamic data. Five distinct coordination modes have been disclosed for rhodium complexes containing modified cysteines. From spectroscopic, theoretical and crystallographic data, the absolute configuration of the compounds has been established. 
